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METAMORPHIC CHANGES ACROSS PART OF THE
CAROLINA SLATE BELT-CHARLOTTE BELT BOUNDARY,
NORTH CAROLINA AND VIRGINIA

By OTHMAR T. TOBISCH ' and LYNN GLOVER ii,
Santa Cruz, Calif., Beltsville, Md.

Work done in part in cooperation with the North Carolina Department of
Conservation and Development, Division of Mineral Resources

Abstract.—Five distinet metamorphic zones are developed
along the boundary between the Carolina slate belt and Charlotte
belt in parts of Nortlh Carolina and Virginia. Each zone is defined
by index minerals and characteristic mineral assemblages in
rocks of at least three different bulk chemical compositions. The
metamorphic zones form a progressive sequence across the
boundary between the two belts and are correlated with regional
metamorphic facies ranging from greenschist to upper amphibol-
ite. Investigation of anorthite content of plagioclase by X-ray
diffraction has shown that the plagioclase in the lower grade
zones is probably a peristerite, which is absent from the higher
grade zones where plagioclase is more calcic than An 4. On the
basis of field and laboratory evidence, it is concluded that a
metamorphic gradient is one of several factors that define the
boundary between the two geological belts in this- part of the
southern Appalachians.

The southern Piedmont geologic province has been
divided into several narrow lithologic belts, which
roughly parallel the general northeast trend of the
Piedmont province (King, 1955). These belts from
northwest to southeast are the Brevard zone, the Inner
Piedmont, Kings Mountain, and Charlotte belts, and
the Carolina slate belt (fig. 1).

The area of this study is on the North Carolina-
Virginia State line (fig. 1), and covers approximately 35
square miles in a narrow strip across the boundary
between the Carolina slate belt and Charlotte belt. The
eastern half of the area was mapped in detail by Laney
(1917), who established that the slate-belt rocks are of
lower metamorphic grade than the rocks of the Char-
lotte belt, and who interpreted this break as an uncon-
formity, with younger slate-belt rocks overlying older
Charlotte belt rocks. Most workers recognize the

1 Department of Geology, University of California, Santa Cruz, Calif. 95060
U.S. GEOL. SURVEY PROF

metamorphic difference between to two belts, but the
nature of the change across the two belts has never been
examined in detail. The work discussed in this report,
part of a larger investigation, was undertaken to
determine if the metamorphic change noted by Larey
(1917) was sharp (for example, fault controlled) or
gradational. We have concluded that it is gradational.

Acknowledgments—We wish to thank B. A. Morgan
III, D. W. Rankin, George W. Fisher, and J. C. Read,
Jr., for helpful criticism and valuable assistance during
the investigation. Most of the petrographic work was
done by Tobisch, and most of the X-ray work was done
by Glover.

GEOLOGIC SETTING

The term “Carolina slate belt’”” has been entrencled
in the geologic literature for many decades, even though
it was realized more than half a century ago that much
of the rock in the belt was not slate (Overstreet end
Bell, 1965, p. 18-19). In general, the belt consists of a
thick sequence of volcaniclastic and nonvolcanic(?)
epiclastic rocks that have been metamorphosed to
greenschist facies.

The Charlotte belt, in the type area of Charlotte,
N.C., consists largely of metamorphosed but weakly
foliated granodiorite and dioritic plutons (King, 1955).
In the area under consideration (fig. 1), however, it
consists of highly deformed, interlayered felsic snd
mafic gneiss and minor amounts of pelitic schist that
range in metamorphic grade from low to high amphibo-
lite facies. At least part of the felsic and mafic gneisres,
which make up the bulk of the Charlotte belt in this
area, are orthogneiss. Some gneisses are probably meta-

. PAPER 650-C, PAGES C1-C7
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FicureE 1.—Map showing locality of this study and the general distribution of geologic provinces and geologic belts within
parts of North Carolina and Virginia.

volcaniclastic(?) and (or) metaepiclastic layered rocks.
The relatively high metamorphic grade and intense
deformation of the rocks in this area, coupled with poor
exposure, has rendered the distinction between ortho-
gneiss and paragneiss exceedingly difficult.

OUTLINE OF STRUCTURE AND STRATIGRAPHIC
SUCCESSION

In the area studied, the only large-scale structure
known at present is the Virgilina synclinorium (Laney,
1917), whose axial trace lies just outside the eastern
edge of the area covered by figure 2. Minor structural
elements in the Carolina slate belt are bedding, early
(slaty) cleavage, later (strain-slip) cleavage, intersection
of the above planar surfaces, and elongated lapilli and
chlorite blebs. Bedding and early (slaty) cleavage are
usually paralle]l or subparallel in the Carolina slate belt
of figure 2. Minor structural elements in the Charlotte
belt are compositional layering, schistosity, intersection
of layering and schistosity, and mineral alinement. Later
(strain-slip) cleavage is virtually parallel to early
cleavage, and the later cleavage surface is not well
developed within the Charlotte belt of figure 2. Small

folds are found locally in both belts. These minor
structures, while essential in understanding the struc-
tural history of the rocks, do not affect the georetry of
the gross stratigraphic succession. For the purmoses of
this discussion, therefore, map units A-E skown in
figure 2 may be considered a layered sequence, dipping
to the southeast.

METAMORPHIC ZONES

Paralleling the general trend of the stratigraphy or
compositional layering in the Charlotte belt and Caro-
lina slate belt is a sequence of five metamorphic zones
that are defined by characteristic mineral assemblages
and the successive appearance of different indes miner-
als. The southeasternmost appearance of each index
mineral is shown on figure 2 by an isograd, most of which
separate zones of different metamorphic grade. How-
ever, the kyanite-chloritoid ‘“isograd,” which lies
within the garnet zone, probably represents a com-
positional boundary, rather than a change in metamor-
phic grade (Turner and Verhoogen, 1960, p. 539);
similarly, the first appearance of hornblende occurs
within the garnet zone, and is probably compositionally
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C4 PETROLOGY AND PETROGRAPHY

controlled, in part. The heavy isograds on figure 2 form Typical mineral assemblages from these zones ave listed
the boundaries of the metamorphic zones. The distribu- in table 1 along with the corresponding index mineral
tion of index and other important minerals within the (metamorphic zone name), and we have correlated the
metamorphic zones are shown in figure 3. zones with metamorphic facies (Turner and Verhoogen,

Rocks of at least three different general bulk chemical 1960; Fyfe and Turner, 1966). Recently, Lambert (1965)
compositions are represented in each of the zones. has criticized the applicability of some aspects of the

TasLe 1.—Typical mineral assemblages of selected rock types from part of the Carolina slate bell-Charlotte belt boundary area, North
Carolina and Virginia

orphic facies .

(Tﬁlrﬂ;:rmanrg Verhoogen, Index mineral and Rock type and mineral assemblages 1

1960; Fyiela %réil Turner, zone
9

Pelitic:
Muscovite-chlorite-quartz-(epidote).
Muscovite-chlorite-epidote-quartz-albite-(magnetite).

Quartzo-feldspathic:

ﬁQuartz—albite-musc ovite-chlorite-epidote-(magnetite).

Malfic:
Chlorite-muscovite-epidote-quartz-albite-(magnetite).
Muscovite-stilpnomelane-quartz-albite-(magnetite-hematite).2
Tremolite/actinolite-epidote-{chlorite-quartz-magnetite).

Pelitic:
Biotite-chlorite-muscovite-quartz-albite-(epidote-magnetite).
Quartzo-feldspathic:
Quartz-albite-biotite-chlorite-(epidote).
Quartz-albite-(K feldspar-biotite-muscovite-epidote).
M ﬁQuartz—albite-muscovite-(epidote-tourmaline—magnetite).
afic:
Epidote-chlorite-muscovite-quartz-albite-(sphene-magnetite).
Chlorite-epidote-albite-(biotite-tremolite/actinolite/sphene-magnetite).

Pelitic: 3
Kyanite-chloritoid-muscovite-paragonite-quartz.
Chloritoid-muscovite-quartz-magnetite-(hematite-pyrite).
Kyanite-quartz-oligoclase( An®)-muscovite-paragonite-(chloritoid-magnetite).

Quartzo-feldspathic:
Quartz-albite-K feldspar-biotite-muscovite-(epidote-garnet-magnetite).

M ﬁQuartz-albite-muscOVite-biotite-(epidote—garnet-magnetite-hemat-ite).

anc:

Hornblende-chlorite-epidote-(biotite-sphene-quartz-magnetite-pyrite).
Chlorite-epidote-albite-(quartz-biotite-muscovite-magnetite).

Pelitic:
Biotite-muscovite-oligoclase/andesine-quartz-(epidote-garnet-magnetite-pyrite).
Quartzo-feldspathie:
Quartz-andesine-biotite-(muscovite-epidote-magnetite).
Quartz-oligoclase-K feldspar-muscovite-(biotite-epidote-sphene).
M ﬁQuartz—oligoclase—K feldspar-hornblende-biotite-{epidote-magnetite-pyrite).
afic:
Hornblende-labradorite-epidote-chlorite-(magnetite-pyrite).
Hornblende-andesine-quartz-epidote-(sphene-magnetite).
Hornblende-andesine-biotite-(epidote-chlorite-quartz-magnetite).
Calcareous:
Epidote-quartz-andesine-(magnetite).
Tremolite-zoisite-quartz-sphene-(magnetite).

Chlorite zone

Greenschist facies

Biotite zone

Greenschist-
amphibolite
transition facies
Garnet zone

Lower
Oligoclase zone

Pelitic:
Muscovite-biotite-quartz-sillimanite.
Biotite-andesine-quartz-K feldspar-(sillimanite-garnet-muscovite-pyrite).
Quartzo-feldspathic:
Quartz-(sillimanite-muscovite-biotite-hematite).
Quartz-sillimanite-(muscovite-magnetite). .
Quartz-oligoclase-K feldspar-biotite-(muscovite-epidote-magnetite-pyrite).
M ﬁQuartz—andesine-biotite-(epidote-sphene-magnetite—pyrite).
afic:
Clinopyroxene-hornblende-labradorite/bytownite-quartz-( magnetiige) . .
Clinopyroxene-hornblende-andesine-quartz-(epido te-sphene-scapolite-magnetite).
Calcareous: ] .
Clinopyroxene-seapolite-tremolite-(quartz-zoisite-calcite-sphene-pyrite).

Amphibolite facies

Upper
Sillimanite zone

1 Accessory minerals are in parentheses.
2 Biotite, as distinct from stilpnomelane, has been noted in two specimens from within the chlorite zone.
#Kyanite and chloritoid are restricted to the immediate vicinity of Hagers Mountain (fig. 2).



TOBISCH AND GLOVER

METAMORPHIC ZONE Rock
Sillimanite Oligoclase Garnet Biotite Chlorite types
Silhimanite
K-feldspar .
Stilpnomelane Pelitic
Biotite and
Garnet feldspathic
Chlorite
Epidote and muscovite
Ohgoclase (An,; and more All rocks
calcic: no penisterite) Albite (in part, peristerite) with
plagioclase
Clinopyroxene
Hornblende
Tremolite Tremolite-actinolite
Biotite Mafic
Chl‘orite
Epidote
Muscovite
|

Fraure 3.—Schematic graph showing distribution of index and
other important minerals within the metamorphic zones.
Dashed lines indicate that occurrence of mineral is uncommon
or rare.

metamorphic facies concept, and subsequently Fyfe and
Turner (1966) suggested that the definition of meta-
morphic facies be modified to exclude any inference of

C5

temperature-pressure and equilibrium conditions. We
welcome this pragmatic apprach and wish to emphasize
that we are using metamorphic zones (and in part,
metamorphic facies) as mappable units, which ere
characterized by a finite group of metamorphic mineral
assemblages from rocks of several different bulk
chemical compositions.

X-RAY DIFFRACTION DATA

We selected a number of rock samples from each zone
to establish the possible presence of paragonite and to
verify the anorthite content of plagioclase that had been
determined optically. Paragonite was detected in orly
two samples (from the garnet zone at Hagers Mountain;
see also Espenshade and Potter, 1960; Zen, 1961).
Basal spacing of the mica in these and other specimens
is shown in table 2. The restriction of paragonite,
kyanite, and chloritoid to rocks at Hagars Mountain
suggests that these three minerals are present in this
part of the garnet zone largely as a result of an unusual
bulk rock composition at that locality.

In our investigation of plagioclase composition, we
selected 20 samples across the 5 metamorphic zones for
X-ray powder diffraction analysis. In sodic plagioclase

TaBLE 2.—Mineralogy, anorthite content of plagioclase, and basal spacing of muscovite and a paragonite from selected rock samples from
paris of the Carolina slate beli—Charlotte belt boundary area, North Carolina and Virginia

Minerals t Anorthite content of d (o2 spacing
plagioclase (ol percent) (angstrom<)
2
Zone Sample E ®
number ° *g g Ii‘lat Uni};l x Mu%co- Pai*tag-
= stage | vers -8 vite | onite
ElEl5|2|8|.le|. 215]. ]2 2|3|8 glg| |57 e T
" o |la | = |3 w | = ol Blo|lw|=m |8 3|2 |lo BB I~
I EHE R R EHEE I
S| =18 - R -] g | &H|5|= CREREREREES
gl |E|E|0|S|C|a|sia|c|a|4|B|C|&|S|s|m|a|3
1 ) U DR PRI BRI DN B N B 0and 15
Chlorite 14 1. 3| 1
1 1. 3 1 0and 12
1 1. 1 1 .| 0and 15
| 3| 1 2(0-3)
1]... 2|1 _| 0and 18
Biotite 2 (... 1 1 0.
1|1 3. 0-3)
15
1 1. PRI B e | b DRI, SRR (- 3 DRURUN I T DRI DRSS N~ 2 SRR DRI DRSO ISP PP 15 | 9.8930 9. 6195
1. |... PR IR B | 1| 1]...]1 IR VR (RN RS - 2N RO P S 9.8810 | 9.6195
Garnet 2] 1. 2 S DO DN RO U N 3. 3and 14 { 9.9695 | __.___.
20 1. 1 s 0] I N
1 1 T __[33|.... I I T T T DU DR I 3 R J SIS PR
1141 | 1 - 3
Oligoclase 101 3
2) 8.1 -
1 1 R
1 1 1.
3 oo faao| 2 1 R
. 2| 1| ]2
Sillimanite % | A RN SN DR S
3071|738 s |-
1 | U ) B N DU S I U

11, principal (>10 percent); 2, minor (<10>5 percent); 3, aceessory (<5 percent).
2 (0-3) indicates X-ray peaks were broad.

3 Garnet: 6 =11.63A; 7=1.7951-0.005.

4 Plagioclase: core=58 percent, rim =49 percent anorthite content.

5 Scapolite: e=1.555+0.002; w=1.585-2:0.002; meionite content=68 mol percent.
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(Angc—Any), we used the formula (26 131—2¢ 131) and
curve of Smith and Yoder (1956, p. 641), and for the
more calcic plagioclase (Any—An,) the formula (26
131426 220—46 131) and curve of Smith and Gay
(1958, p. 749). The samples were crushed and processed
on the Franz magnetic separator. The nonmagnetic
fraction, containing 75-85 percent plagioclase, 15-25
percent quartz, 2-5 percent sericite, and trace amounts
of chlorite and epidote, was then prepared in the normal
manner for X-ray diffraction analysis. Samples were run
using CuKq radiation, Ni filter, and 0.50° per minute
scan speed. The results are shown in figures 4, 5, and
table 2.

METAMORPHIC ZONES

Greenschist
amphibolite

transition
Amphibolite facies Greenschist
2 60 T T
I~
3 I Gu Core EXPLANATION
= 1
a 35 @ Optical determination,
E 3 50— ! éUN 16 flat stage -
L(:)J | URIm ®u Optical determination,
x | universal stage
E.J 2 B X-ray determination
£ |
y -
6! ° 40 & i X-ray and optical deter-
s ¢ §30 | mination (An value) on
> < ' same specimen
= ?34 31 | B Penstente composition
= 30— —B — } determined by X-ray —
uZJ @ g4i 54 ‘ diffraction
= 78 @ 58 |
Z [} | » |
g & | H |
w 820 } 3 ‘,
) DR
E 3 ! 33 |Wes b o300 3
I O | 67 @i [ | -1
& i » | 1 R
g | i e s 1
z . | 1~ e s
2 | u i ® | i
[ | é'
2 l ! i B ¢
| A 76 31A 11 ! it
1 a |
Sillimanite i Oligoclase Garnet Biotite Chlorite

METAMORPHIC FACIES

Ficure 4.—Diagram showing relation between metamor-
phic zones and anorthite content of plagioclase as
determined by X-ray diffraction and optical methods
(see text). Numbers indicate sample number. Universal
stage determinations by twin law method of Turner
(1947) using curves of Slemmons (1962). The curve of
Smith and Gay (1958) gives An content in weight per-
cent; An values determined using this curve have been
converted to mol percent.

In the low grade rocks east of the oligoclase isograd,
X-ray diffraction patterns showed that the plagioclase
is predominantly albite (An,_; which is several anor-
thite percent below that which was determined optically
(table 2 and fig. 4). More than half the samples,
however, showed a second diffraction peak of approxi-
mately the same intensity as, and very close to, the
albite (133) peak (fig. 5, samples 209F and 65).
Impurities (for example, muscovite, chlorite, and
potassic feldspar) probably did not cause this peak.
Such impurities are in small amounts and also occur
in plagioclase from the oligoclase and sillimanite zones
whose samples show only one (131) peak (fig. 5).
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Ficure 5.—X-ray diffraction patterns showing two (131) peaks
which indicate peristerite in greenschist and gr=enschist-

amphibolite transition facies. A single (131) peak in smphilbo-
lite facies rocks indicates absence of peristerite.

Tentatively, therefore, we have taken the peak at
about 29.85° 26 to be a second (131) peak of plagioclase.
Assuming that the (131) peak for the second plagioclase
is unresolved from the (131) peak for Ar,_,; the
anorthite content is consistently about Anis. s This
second plagioclase could not be found opticelly, and
in fact anorthite determinations on the plagioclase by
flat stage (maximum extinction in plane {010} and
universal stage (twin law method of Turner, 1947,
using the curves of Slemmons, 1962) con-istently
yielded values which fell roughly midway betireen the
two values determined by X-ray diffracticn work
(fig. 4 and table 2). We suggest that the two plagio-
clases are present on a submicroscopic scale, and that
the optics average the two ‘“‘end members” (that is,
An,_; and An;;_5), yielding an apparent median value
(that is An;_). We tentatively conclude, therefore,
that the plagioclase is a peristerite, consisting of two
phases, An,_; and Any;_i5. These results are in contrast
to the findings of other workers who have shown that
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plagioclase in the range An,— An;; unmixes into two
phases of Any_, and Anys_,5 (for example, Laves, 1954;
Brown, 1962; Crawford, 1966). More detailed analysis
of the plagioclase by X-ray, electron microscopy, and
electron-probe techniques is underway in order to
substantiate the presence of peristerite in the lower
grade rocks, and to determine the exact nature of the
two phases in the peristerite.

Above the oligoclase isograd (oligoclase and sillimanite
zones), X-ray diffraction patterns show only one (131)
peak for plagioclase (fig. 5). Our interpretation is that
at higher metamorphic grades, the plagioclase is
homogeneous. Optical and X-ray determinations of
anorthite content generally agree within at least 4 An
percent (fig. 4 and table 2). Plagioclase from felsic rocks
isin the range An 233, whereas in mafic rocks it is in the
range Ang_j or more calcic. Where plagioclase is
zoned (sample UN-16, fig. 4 and table 2), the X-ray
determination appears to favor the rim composition.
In one sample (sample 35, fig. 4, table 2), the X-ray
determination yields an anorthite content considerably
higher than the flat-stage and universal-stage deter-
minations, which are very close to each other. Within
the range An 3;_55, however, the curve of Smith and Gay
(1958, fig. 1) is nearly flat, and small errors in the
ordinate (20 (131)+26 (220)—46 (131)) lead to large
errors in the abscissa (An percent). The An value
determined by X-ray analysis in sample 35 is, therefore,
considered to have a large margin of error; that value
obtained optically, is probably more reliable.

Figure 4 illustrates the well-defined break in anorthite
content of plagioclase between the garnet and oligoclase
zones. In the field, however, the break is a zone about
0.3 mile in width and contains rocks which yield both
albite and more calcic plagioclase.

CONCLUSIONS

From field mapping and laboratory work, we have
delineated 5 metamorphic zones which parallel the
contact of the 2 geologic belts, and have correlated
these zones with the metamorphic facies (Turner and
Verhoogen, 1960). The metamorphic grade shows a
progressive increase from east to west. Qur present
evidence indicates that a metamorphic gradient ranging
from greenschist facies in the east to upper amphibolite

"
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facies in the west is one of several factors which defires
the boundary between the Carolina slate belt and
Charlotte belt in this part of the Piedmont geologic

province.
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POSSIBLE FISSURE VENT FOR A PLIOCENE ASH-FLOW TUFF,
BUZZARD CREEK AREA, HARNEY COUNTY, OREGON

By GEORGE W. WALKER, Menlo Park, Calif.

Abstract.—Steeply inclined foliation and lineation, manifested
by flattened and stretched pumice fragments, indicate nearly
vertical laminar flowage in a restricted area of a large-volume
Pliocene ash-flow tuff. The orientation of these structures
and their presence in only the basal part of the ash flow in a
small area are suggestive of fissure vents related to a northwest-
trending graben, although some of the structures could have
formed during compaction-welding and flowage away from
underlying topographic highs.

A complex northwest-trending graben may be the
site of a fissure vent that was the source of all or part
of a large volume of Pliocene ash-flow tuff in southeast
Oregon. Locally the tuff has unusually steeply inclined
foliation and well-marked lineation along margins of
the graben. The graben is spatially and probably
genetically related to the Brothers fault zone. Inter-
pretation of the structures and study of their relation
to the ash-flow tuff suggest local venting, although
compaction, welding, and draping of the ash flow over
preexisting fault scarps and some turbulent flowage
may account for some of the unusual structures.

The graben was first recognized as a possible vent
area during reconnaissance geologic mapping of a
large region in southeast Oregon underlain chiefly by
ash-flow tuffs and less extensive basalt flows and
tuffaceous sedimentary rocks. The graben that contains
the possible vent bounds parts of Buzzard Creek (lat
43°08’ N.; long 119°23’ W.), about 16 kilometers
west-southwest of Harney Lake, Harney County, and
lies mostly in the northern part of T. 28 S., R. 28 E.,
Willamette meridian.

Prior to the present study no geologic mapping had
been done in the Buzzard Creek area, although Piper,
Robinson, and Park (1939) summarize the geology of
most of Harney Basin east of the area, and Walker
and Swanson (1968a) briefly describe the geology
adjacent to Harney Lake.

GEOLOGY OF BUZZARD CREEK ARE#

In a regional sense, the Buzzard Creek area is part of
Harney Basin, a large physiographic and structural
depression developed in widespread Pliocene and
Pleistocene volcanic and continental sedimentary rocks.
Conspicuous among these rocks is a highly pumiceous,
mostly welded rhyolitic ash-flow tuff of middle Pliocene
age that represents the youngest of several ash-flow
sheets of the Danforth Formation and, acccrding to
Campbell, Conel, Rogers, and Whitfield (1958) is
possibly equivalent to the pumiceous ash-flow tuff of
the Rattlesnake Formation in the John Dsay Basin
150 km north of Buzzard Creek. This tuff covers more
than 7,700 sq km (3,000 sq miles) in Harney Basin
alone—mostly to the south, west, and north of the
Buzzard Creek area—and ranges from about 6 meters
to more than 120 m in thickness, the aversge being
about 25 m. The total volume of ash-flow tuff must be
more than 180 cu km.

Most of the bedrock outcrops in the area are of the
pumiceous ash-flow tuff (fig. 1). However, a scoriaceous
diktytaxitic olivine basalt of probable Pliocene age
crops out in several places at the base of a fanlt scarp
in the northwest corner of the Buzzard Creek area
and is more widely exposed in fault scarp- farther
to the west. The tuff overlies the olivine basalt in the
Buzzard Creek area, but in nearby areas it rests on
Pliocene tuffaceous sedimentary rocks or, locally, on
Pliocene ash-flow tuffs traceable over large parts of
Harney Basin. Poorly consolidated surficial deposits
of alluvium and slopewash along Buzzard Creek are
derived largely from erosion and redepositicn of the
poorly indurated upper part of the pumiceous tuff.
This upper zone apparently was never very thick and
was almost completely stripped from upland surfaces
by erosion.
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Northwest-trending high-angle normal faults, and a
few trending north and northeast, all with small to mod-
erate displacements, break the tuff sheet into a number
of separate blocks, some of which have steep faces as
much as 80 m high. An irregular, moderately complex
northwest-trending graben, bounded by some of these
faults and locally by minor broken monoclinal warps,
transects the area. The faults lie in the northwest-
trending Brothers fault zone, which is characterized
at the surface by closely spaced en echelon normal
faults with displacements of as much as 100 m. The
zone of en echelon faults is exposed for nearly 250 km
through south-central Oregon (Walker and King,
1969), and many basaltic and rhyolitic vents of Pliocene
and Pleistocene age occur throughout its length.

In adjacent parts of Harney Basin, distribution of
rock units indicates that faulting and basin collapse
were virtually concurrent with eruption of the ash
flows. However, continuity and relatively little varia-
tion in thickness of certain ash flows, such as the one
discussed in this paper, over very large parts of the
basin indicate that eruption and spreading of the flows
were largely undisturbed by concurrent faulting or
high fault scarps.

PUMICEOUS ASH-FLOW TUFF AWAY FROM POSSIBLE
VENT AREA

Away from its possible vent area on Buzzard Creek,
the pumiceous ash-flow tuff is composed predominantly
of vitroclastic debris and minor amounts of mineral
grains and rock fragments. The tuff sheet is zoned into
several distinct lithologic layers (fig. 2), that result
from differential compaction, vapor-phase crystalliza-
tion, and, in places, from minor laminar flowage. Local
complexities of zonation suggest that two or more lobes
of lithologically identical material may have been
superimposed in places, but throughout most of its
outcrop area the sheet appears to be composed of a
single flow that cooled as a single unit, according to
the general pattern outlined by Smith (1960) and Ross
and Smith (1961).

In most places, the ash-flow tuff is mottled and
streaked in shades of light gray and medium dark
gray. The upper and lower parts of the cooling unit are
pinkish gray or light brown. Before devitrification and
vapor-phase crystallization more than 98 percent of the
tuff was composed of glass. This glass was in the form
of shards (mostly less than 1 mm in length) and of
pumice lapilli and blocks, later flattened into lensoid
disks as much as 25 cm in diameter. The glass is mostly
colorless to pinkish or yellowish brown and has a refrac-
tive index of 1.5004 0.005, indicating a silica content
of about 70 percent (Huber and Rinehart, 1966).
Phenocrysts of sanidine (2V(—)=20-30°), quartz, a
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pleochroic bright-green clinopyroxene (2V(+) =60-70°)
with reddish hematized margins (probably aegirine-
augite), plagioclase, and less abundant magnetite,
colorless to light-amber clinopyroxene, and oxyhorn-
blende make up about 1 percent of the tuff. Rounded
mostly equidimensional fragments of andesite or basslt,
highly eutaxitic pieces of older welded tuff, perlitic
glass, flow-banded rhyolite, and indurated sedimentary
rocks constitute less than 1 percent of the ash-flow tuff;
most of these rocks fragments are less than 1 cmr in
diameter. A strong eutaxitic texture is discernible except
in the thin basal nonwelded zone and in an internal zone
that is so thoroughly crystallized and pockmarked by
abundant lithophysae that welding textures are
obliterated.

The general zoning characteristics of the cooling unit
in areas at some distance from the possible vent srea
are shown in figure 2. Thickness and degree of compac-
tion and welding of individual zones vary only slightly
throughout Harney Basin. The basal zone, exposed in
only a few places, is about a meter thick and is not
welded. Pumice fragments in it are mostly less than
1 cm in diameter and show virtually no compaction.
This nonwelded zone grades upward within a few
centimeters into moderately dense vitrophyre about
1.5 m thick.

The vitrophyre, which also is poorly exposed, is
composed mostly of compressed shards and pur-ice
lumps; these exhibit little evidence of stretching,
although slight stretching of pumice fragments and
devitrification of glass is recognizable near the top
of the zone. Some completely collapsed pumice lumps
now form lenses of dense dark-gray glass in a less-
indurated pinkish-brown vitrophyre.

In a few places the vitrophyre is overlain by a leyer
about 2 m thick that is characterized by strong compac-
tion, nearly complete crystallization, many lithophy-ae,
and only slight stretching of pumice fragments. Com-
pletely crystallized ash-flow tuff forms a zone akout
6 to 10 m thick above the 2-m layer or, where it is
missing, the vitrophyre. The completely crystallized
tuff has a high degree of compaction, some stretched
pumice fragments, a few lithophysae and many
lensoid miarolitic cavities, and widely spaced columnar
joints. The lensoid cavities and flattened pumice
fragments give rocks of the zone a pronounced ne~rly
horizontal foliation. Crystallization products form a
fine intergrowth of alkali feldspar and cristobalite in
fairly dense rock, and many of the miarolitic cavities
also are lined with these minerals.

The zone of crystallized tuff grades upward into a
zone of tuff that is also completely crystallized, owing
to vapor-phase alteration, but is distinguished from the
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PETROGRAPHY AND HEAVY MINERALS OF THREE GROUPS OF
RHYOLITIC LAVAS, PAHUTE MESA, NEVADA TEST SITE

By K. A. SARGENT, Denver, Colo.

Work done in cooperation with the U.S. Atomic Energy Commission

Abstract.—Three groups of Tertiary rhyolitic lavas closely
related to known voleanic centers occur on Pahute Mesa in the
northern part of the Nevada Test Site. The lavas are useful
stratigraphic markers in thick volcanic sections inasmuch as
they can be identified and correlated by means of petrography
and heavy minerals. Diagnostic nonopaque heavy-mineral as-
semblages for the three groups are (1) rhyolitic lavas of Quartet
Dome—clinopyroxene, olivine, and ampbibole, (2) upper rhyolitic
lavas of Area 20—biotite and allanite, and (3) lower rhyolitic
lavas of Scrugham Peak quadrangle—biotite, sphene, hornblende,
and (or) clinopyroxene.

This paper briefly describes three groups of Tertiary
rhyolitic lava flows occurring at Pahute Mesa, in the
northern part of the Nevada Test Site (fig. 1). The
lavas are from oldest to youngest:

Group I. Rhyolitic lavas of Quartet Dome; peralka-
line rhyolites that are genetically related to the Silent
Canyon volcanic center (Noble and others, 1968;
Orkild and others, 1968).

Group II. Upper rhyolitic lavas of Area 20; known
to occur only within the Silent Canyon volcanic center
and exposed only on Pahute Mesa. Only the upper
flows in this calc-alkalic group are discussed in this
report.

Group III. Lower rhyolitic lavas of the Serugham
Peak quadrangle; calc-alkalic flows probably extruded
from concentric ring-fracture zone on the north side
of the Timber Mountain caldera complex (Christiansen
and others, 1965). Only the three oldest of five flows in
this group are discussed here. They are well exposed on
the south face of Pahute Mesa.

The lava flows serve as useful stratigraphic markers
in the thick volcanic section penetrated by deep drilling,
particularly in areas where ash-flow tuff marker beds
are absent. In this report emphasis is placed on the
description of major nonopaque heavy-mineral analyses

and thin-section petrography, inasmuch as these were
the best methods of rhyolite identification.
Acknowledgments.—The writer is indebted to D. R.
Miller, R. P. Snyder, John Cook, and J. D. Kibler for
their aid in heavy mineral separation; and to F. M.
Byers, Jr., and W. D. Quinlivan for modal analyses.

DESCRIPTION OF THE RHYOLITIC LAVAS

Rhyolitic lavas of Quartet Dome

The rhyolitic lavas of Quartet Dome crop out along a
broad arcuate zone on the east side of the Silent
Canyon volcanic center (fig. 2). The lavas were ex-
truded in late Miocene time from numerous vents close
to the main caldera collapse zone of the Silent Canyon
center and along concentric ring fracture zones east of
the main collapse. Most of the rhyolites studied in the
field are endogenous domes which are as much as 1,000
feet high and 1 mile in diameter, and whose external
shapes are much like huge beehives. The exterior
two-thirds of the flows is coarsely flow layered and vesic-
ular and locally contains thin (generally less than 10
feet thick) black vitrophyres. Zones of flow brecciation
as much as 40 feet thick locally occur along outer con-
tacts of the flows. The inner one-third of thick flows is
generally dense and jointed.

The rhyolitic lavas of Quartet Dome contain 20-35
percent phenocrysts consisting mainly of quertz (25—
30 percent of total phenocrysts), sanidine or anortho-
clase (65-70 percent), and mafic minerals (<5 percent)
consisting of sparse augite and aegirine-augite, some
hypersthene, hornblende, fayalitic olivine, anc opaque
iron oxides. Phenocrysts are as large as 3 millimeters
and are generally euhedral. The groundmass is glassy
to microcrystalline and consists mainly of all-ali feld-
spar, less common silica minerals, and sodic-rich py-

U.S. GEOL. SURVEY PROF. PAPER 650~C, PAGES C18-C24

Ci8



SARGENT C19

116730 1|5' ~— “6%0' of the crystalline zone are given in table 1. Specimens
Area of figure 2 R £&| 1 and 4 are from a cooling zone in the upper third of this
——-«a 5 g j o(a, type of flow. Specimens 2 and 3 are representative of

;3\.? S < the central crystalline zone containing sodic amphibcle.

T ,<<( Ezisnf Canyon "‘éf” ;= XQuartst Dome
Jou 3 N
volcanic center EE

& 4
\1\‘6 PAHUTE 3 £, &

A A;.?la 7~ Ao q

37°15' = o \
‘“’g

Wy,
Wy,
\“\uumn M,
\

Oak Spring ~
Butte

gy

TIMBER M
CALDERA coMPLEx

SP

Buckboardy

‘Moun am- Mesa -
3 # 3
"»m.,, 'F'\ |
3700 b o ';(‘"“ T |
, k . % »- Lake
l?__" J % Shoshone *
2 2 B, |
"(,"L'H"‘I"&V Mountaln e, b
Yucca|
prositing, | Mountaln

36°45'— ‘

SN, E :

”’(m!‘ ~ e .
U ,”

[__NEVAD TEST SITE BDY ;% S
. Lathrop Wells = %, % \

"Ib E
Area of e
report R

15 MILES
|

oy

o

b | |

F1aURE 1.—Index map of the Nevada Test Site, showing Pahute
Mesa area, generalized topographic features, and caldera
outlines (hachured). SP, Serugham Peak quadrangle

roxene (aegirine, especially near the tops of the flows).
In the lower part of the central zone of the flows, where
slow cooling allowed reaction of minerals with volatiles
and water vapor, sodic amphiboles and iron oxide
pseudomorphs after clinopyroxene and iddingsite after
olivine may occur. Throughout the flows, bimodal
zircon is invariably present and consists of a small
clear variety and a larger pink variety, both with a
length-to-breadth ratio of 2:1. Apatite and allanite are
common accessory minerals. Biotite occurs rarely,
probably as a xenocrystic mineral.

Chemically the lavas are peralkaline and are distinctly
different in major- and minor-element content from
calc-alkaline suites. Chemical analyses representative

They differ from calc-alkalic flows in having a highor
Na+XK: Al ratio and higher Fe+Ti+Mn contents, at
given silica contents.

TaBLE 1.—Chemical analyses of the crystalline zome of rhyolitic
lavas of Quartet Dome, Nevada Test Site, Nev.

[Ma]or oxides in weight percent, recalculated without H:0, ¥, Cl, and CO:. Analrses
y P. L. D. Elmore, S. D. Botts, G. W. Chloe, Lowell Ams, and H. Smith, U.8.
Geologlcal Surveyl

Specimen NoO._ .o 1 2 3 4
Serial NO.. oL D70098TW DT700988W DT700919W 161331
Si0y . 75.67 76.13 75.97 77.97
AlOge oo 12.26  12.17 12.29 10.66
FeOpo oo 2. 21 2. 11 2. 02 2.21
FeOo o ____ .08 .16 .28 .20
MgO_ . __ .35 . 40 .30 .10
CaO_ . .07 .19 . 06 .16
Na, O . 4. 62 4, 22 4. 53 4. 02
KO . 4. 52 4. 43 4. 33 4.43
Ti0Oge o oo .11 .10 .11 . 16
POs_ . .00 . 00 .00 .02
MnO_... . . 10 . 08 .13 . 06
Total .. ___ 99.99 99.99 100.02 99.99

The nonopaque heavy-mineral assemblage is distinc-
tive and, therefore, useful for correlation purposes.
Assemblages from various vertical lithologic zones in the
domal flow rhyolites are presented in figure 3 and
table 2. The percentages of heavy minerals are fairly
consistent throughout the flow with the exception of the
central crystalline zone. An apparent relative incre~se
in zircon in the central zone results from the difficulty
in identification of altered clinopyroxene and olivine.
The diagnostic assemblage is clinopyroxene, olivine,
hornblende (or sodic amphibole), and pink and clear
zircon.

Upper rhyolitic lavas of Area 20

The upper rhyolitic lavas of Area 20 are limited in
areal extent to the caldera formed by the collapse of
the Silent Canyon volcanic center (Orkild and others,
1968). The rhyolites crop out locally near the center
of the Silent Canyon caldera and have been penetrated
in several drill holes on Pahute Mesa (fig. 2). Strati-
graphically these flows occur above the Belted Range
Tuff (Sargent and others, 1965) of late Miocene age snd
below the Paintbrush Tuff (Orkild, 1965) of late Mio-
cene age.

Like the rhyolitic lavas of Quartet Dome, the upper
rhyolitic lavas of Area 20 appear to be steep-sided
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Figure 2.—Map of northern part of Nevada Test Site, showing caldera outlines, area of outcrop of lavas, their inferred subsurface
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TaBLE 2.—Heavy-mineral assemblages of the rhyolitic lavas of Quartet Dome, Nevada Test Site, Nev., based on 137 samples of 18 fows

[T'r., trace]

Heavy minerals, in volume percent of total nonopaque heavy minerals,

Total nonopaque

averaged by zones heavy minerals

Major cooling zonation in samples, in
Clino- Olivine t Amphi- Zircon  Allanite Biotite = Apatite Hyper- volume percent
pyroxene bole sthene  (approx)
Upper vitrophyre. - _____________________ 85 6 1.0 8 Tr. ... Tr. 4+ Tr. 0. 16
Crystalline zone:
Upper intermediate part________________ 86 5 1.0 8 e +Tr. . .18
Lower intermediate part._______.________ 65 20 7.0 8 e .18
Central part_ . _______________________ 20 10 56. 0 14 Tr. _______ Tr. __.__ .28
Basal vitrophyre.________________________ 77 16 .5 5 0.5 Tr. Tr. +Tr. .30
Basal breceia_ - ____________ 82 8 4.0 4 Tr. 2 Tr. + Tr. .30
1 Includes iddingsite.
// exist at the base and thick zones of vesiculated lava
(e/ 0 exist at the tops of the flows. Generally, the interiors
e o‘"\\J :
P are conspicuously flow layered. The phenocryst content
/QQei - is low (8-10 percent) and consists of alkali-feldspar
/ ‘/)/ o (40-60 percent of thfa total phenocrysts), quartz
g R (3040 percent), plagioclase (5-15 percent), con-
/ o ¢ P spicuous biotite (<1 percent), allanite (<1 percent),
& A - and trace amounts of zircon, apatite, and clinopyroxene.
e e 2 Table 3 contains chemical analyses of the upmer
7 @ o ¢ rhyolites of Area 20. Specimens 1, 2, and 3 are repre-
// & L & sentative of the upper vitrophyre, crystalline zone,
e <& e &  and basal vitrophyre, respectively, of lava flow 1.
: . 2 phyre, respectively,
& // S (See fig. 3 and table 4.) Specimen 4 is an upper Area
M e 20 rhyolite whose position is not known with respec* to
// the lava flows shown in table 4.
// Central part TABLE 3.—Chemical analyses of the upper rhyolitic lavas of Area 20,
Nevada Test Site, New.
( Major oxides, in weight percent, recaleculated without H:0, F, Cl, and CO2. Analyses
\ 1,2,and3by P. L. D. %lmore, S. D. Botts, G. W. Chloe, and Lowell Artis; aralysis
~ 4 by C. L. Parker, U.S. Geological Survey]
T Specimen NO. ... ... 1] 22 13 24
a : - Serial No.__.______.J 11117700 D700994W D70065W D700980W  D700851
4 A A Basal vitrophyre
Pay .
T IO 76.96 79.23 77.10  78.55
Basal breccia ALOs ... 12. 64 11. 13 13. 00 11. 64
Frcure 3.—Diagrammatic cross section of rhyolitic lavas gga(())s """""""""" g; ?g ;g gg
on Pahute Mesa, showing major cooling zonations. Mgd::::::::::::: 10 ‘10 ‘16 Z 05
. CaO_ . ___ .52 .25 .79 .43
domes over which ash-flow tuffs and bedded tuffs Na.O.._ . . .. ___ 3. 7g %;' 2:; % gg % g%
thin or pinch out. Individual flows may be as much as %{8{_‘_‘::::::::: ‘L_gﬁ " 04 " 06 - 07
1,200 feet thick, but most flows are 400-500 feet thick. P:Os____________________ . 00 . 00 . 82 . 8%
The areal extent of individual flows seems to be some- MPO-------omomcomomooo - 08 - 03 : -
what greater than that of the flows of Quartet Dome, Totalo oo oo ___ 99.99 100.00 99.99  100. 00
possibly owing to a lower initial viscosity and possibly
1Vitric.

because the Area 20 flows issued from linear fissures,
whereas the Quartet Dome flows came from central
vents.

Vitrophyres of this group of rhyolitic lavas are light
gray where vesicular, dark gray to black where dense,
and grayish brown to reddish gray where partly
devitrified. Commonly, thick zones of flow breccia

? Crystalline.

Nonopaque heavy-mineral analyses from three flows
of the upper Area 20 rhyolites show similar assemblages
with different ratios of the two diagnostic minerals,
biotite and allanite (table 4). Several of these analyses
are based on separates from carefully picked drill cut-
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TABLE 4.——Heavgf—mineml assemblages of the upper rhyolitic lavas
of Area 20, Nevada Test Site, Nev., based on 76 samples

{Each flow approximately §00 feet thick]

Heavy minerals, in volume percent of total Total non-
nonopaque heavy minerals, averaged by opaque

zomes heavy
Major cooling zonation minerals
Biotite Allanite Clinopy- Zircon Apatite insamples,
roxene in volume
percent
(approx)
Lava flow 3:
Upper vitrophyre. 97.0 2.0 0 1.0 0 0. 15
Crystalline zone.. 96.5 2.0 0 .5 0 . 20
Basal vitrophyre.. 94.4 3.8 0 1.8 0 .11
Lava flow 2:
Upper vitrophyre. 54.0 40.6 0 4.8 .4 . 06
Crystalline zone._ 60.0 33.0 2.0 50 0 .05
Basal vitrophyre._ 73.0 19.5 .5 6.5 .5 .05
Lava flow 1:
Upper vitrophyre. 87.6 4.3 2.7 4.7 .7 .20
Crystalline zone__. 80.6 16.2 .6 2.6 O .20
Basal vitrophyre.. 81.3 16.0 0 27 0 .24

tings, and if some contamination exists it must be very
minor.

Remanent heat, pressure, and circulating solutions
seem to have had little effect on the heavy mineral as-
semblages of this group of flows other than local oxida-
tion of the biotite. Samples from all parts of the flows
seem to maintain virtually the same assemblage and
ratios between heavy minerals.

Lower rhyolitic lavas of Scrugham Peak quadrangle

The lower rhyolitic lavas of Scrugham Peak quad-
rangle are exposed along the south face of Pahute Mesa
north of the Timber Mountain caldera complex (figs. 1
and 2), where they are interlayered with Paintbrush
Tuff (Byers and Cummings, 1967). The flows, from
youngest to oldest, are informally called biotite-bearing,
hornblende-bearing, and pyroxene-bearing rhyolite flows
of Scrugham Peak quadrangle. Of these three flows,
two are below and one above the Tiva Canyon Member
of Paintbrush Tuff (Orkild, 1965). Like the flows of
Area 20, the three Scrugham Peak flows may be as much
as 1,000 feet thick in places, but in most outcrops they
are less than 600 feet thick. All the flows have a brec-
ciated vitric envelope, which is dark gray to black and
dense at the base (basal vitrophyre) and light gray and
vesiculated at the top (upper vitrophyre). Within the
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brecciated envelope, an unbrecciated vitrophyre as
much as 50 feet thick encloses a thick crystalline zone
(fig. 3). The crystalline zone, which constitutes the bulk
of the flow, is generally light gray to reddish gray and
massive to flow banded. Locally, lithophysae as much
as 4 inches in diameter are common between flow layers.

The flows contain 5-11 percent phenocrysts, pri-
marily alkali feldspar and plagioclase, with minor
biotite, hornblende, and (or) clinopyroxene (table 5).
Sphene, apatite, zircon, and opaque oxides are present
in all flows. Five chemical analyses of the vitrophyres
from the three flows (table 6) show the consistency of the
chemistry. Lesser amounts of CaO, MgO, and tctal iron
in the hornblende-bearing flow have been dire~tly re-
lated to phenocryst content (F. M. Byers, J-., oral
commun., 1966).

The three flows of Scrugham Peak quadrangle have
similar but not identical nonopaque heavy-mineral
assemblages (table 7). All the flows contain biotite,
sphene, allanite, and apatite. Nonopaque heavy-min-
eral examination shows that the presence of small but
persistent amounts of clinopyroxene characterize the
pyroxene-bearing flow, a high percentage of hornblende
distinguishes the hornblende-bearing flow, and a rela-
tively high percentage of biotite with very minor or no
hornblende or clinopyroxene distinguishes the biotite-
bearing flow. Slow cooling and residual volatile~ in the
centers of the flows caused oxidation of the biotite and
resulted in an apparent decrease in its percentege that
is similar to the clinopyroxene and olivine decrease in
the flows of Quartet Dome.

SAMPLING AND SEPARATION PROCEDURE FOR
HEAVY-MINERAL ANALYSES

To determine whether the heavy-mineral asseblages
in each of the rhyolitic lavas on Pahute Me=a were
consistent enough to be used as criteria for correlating a
flow in one area with a flow in another, samp'es were
taken from various lithologic zones of exposed flows.
Heavy-mineral assemblages of the vitric zones, espe-
cially the basal vitrophyres, proved most consistent for
correlation in this study. Samples taken at various
vertical and lateral positions in the interior of flows
showed that all similar zones of crystallization of related

TABLE 5.—Average modal analyses of three rhyolitic lavas of Serugham Peak quadrangle, Nevada Test Site, Nev.

[Modified from Byers and Cumimings (1967); Tr., trace]

Péxengs: Phenocrysts, in percent of total phenocrysts
Rhyolite flows and thickness inlg)sck Alkali Plagio- Horn- Clino- Opaque Allan-
(volume feldspar clase Biotite  blende  pyroxene oxide Sphene Zircon ite Apatite
percent)
Biotite bearing (Q to 41,000 ft) . ______ 11 46 45 5.0 0. 01 0. 02 2 1 Tr. Tr. Tr.
Hornblende bearing (0 to 1400 ft)____ 5 79 18 .1 2.0 0.0 1 1 Tr. Tr. Tr.
Pyroxene bearing (0 to 980 ft)_______ 10 62 30 4.0 0.0 .4 2 1 Tr. Tr. Tr.
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TaBLE 6.—Chemical analyses of vitrophyres of rhyolitic lavas of
Scrugham Peak quadrangle, Nevada Test Site, Nev.

[Ma]or oxides in weight percent, recalculated without H;0, F, Cl, and COj. Analyses
y P. L. D. Elmore, 8. D. Botts, G. W. Chloe, Lowell Artls, and H. Smith, U.S.
Geologmal Survey]

Rhyolite flow____...._.__ Pyroxene Hornblende bearing Biotite bearing
bearing
Cooling zone__._.__._._. Upper Basal Upper Basal Upp

vitrophyre vitrophyre vitrophyre vitrophyre vitrophyre
Laboratory No.___ ... 160678 161148 161149 161147 161146
SiO . 74.28 75.93 75.43 74.68 75. 41
ALOs o ___ 14.11 13.90 14.14 14.09 13. 57
F9203 ____________ .78 .61 . 66 .81 .82
FeO_____________ .43 .33 . 26 .38 .38
MgO____________ .28 . 04 . 16 .27 .18
CaO____ . .___. .53 .46 .31 . 58 . 60
a0 .. 3.73 3. 63 3. 56 3.91 3. 63
PY 0 J 5. 50 4. 98 5. 34 5. 04 5. 18
TiOg e .24 .04 .04 .15 .17
908 - - e .03 .00 .00 .00 . 00
MnO.________.__ .09 .08 . 08 .08 .07
Total _____.__ 100. 00 100.00 99.98 99.99 100. 01

flows had similar assemblages and that most had the
same relative percentages of heavy minerals.

In this study, the samples were crushed to pass 60-
mesh screen, washed to remove rock powder, and dried.
A 50-cubic-centimeter sample was split from the bulk
crushed rock and placed in a separatory funnel with
bromoform (specific gravity 2.85+.01). The heavy
separate was cleaned with acetone, dried, and measured
in a small-diameter graduated metric cylinder. The
magnetic portion was removed with a strong hand
magnet, and the remainder was measured and calcu-
lated to percentage of total rock. The nonmagnetic
heavy separate was then split to the desired amount
and mounted in index oil n=1.54 for identification and
grain counting under the petrographic microscope.

Volumetric measurements of heavy minerals were
used so that direct comparison with thin-section modal
analyses could be made. The percentages of the major
nonopaque accessory minerals from thin-section modes
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(5,000-10,000 points) were found to compare closely
with the percentages of the major nonopaque heavy
minerals, especially those from vitric samples (F. M.
Byers, Jr., oral commun., 1966). This is rather surnris-
ing because (1) only about 70 percent of the total heavy
minerals are assumed to be recovered (Lee and Dodge,
1964, p. 1663) and (2) the volume measurements are
subject to error because of inadequate control of com-
paction of crushed sample in the measuring container.

SUMMARY AND CONCLUSIONS

Three distinct groups of rhyolitic lavas occu~ on
Pahute Mesa; each is related to its own volcanic
episode and each is petrographically distinctive. They
are: rhyolitic lavas of Quartet Dome, rhyolitic lavas
of Area 20, and rhyolitic lavas of Scrugham Peak
quadrangle.

The rhyolitic lavas of Quartet Dome are genetically
related to the peralkaline rocks of the Silent Canyon
volcanic center. They are distinctive, both miner-
alogically and chemically, and can be readily distin-
guished from the more abundant calc-alkalic rhyolites
and quartz latites of the rest of the Nevada Test Site.
The lavas of Quartet Dome constitute about 10 percent
of the total volume of volcanic rock extruded from this
center. They seem to have been extruded from central
vents along arcuate zones concentric about the caldera
collapse zone, and flowed into and out of the caldera
area. The lavas contain a nonopaque heavy-mineral
suite characterized by clinopyroxene, olivine, and
amphibole.

The rhyolitic lavas of Area 20 belong to a calc-
alkaline suite of tuffs and lavas that are largely confined
in areal extent to the preexisting Silent Canyon volcanic
depression. The chemistry of the tuffs and rhyolites
of Area 20 is not distinctive, and is similar to that of
the rhyolitic lavas of Scrugham Peak quadrangle or any
other calc-alkaline suite occurring on the Test Site.

TaBLE 7.—Heavy-mineral assemblages of three rhyolitic lavas of Scrugham Peak quadrangle, Nevada Test Site, Nev., based on 29

samples
Heavy minerals, in volume percent of total nonopague heavy minerals, Total non-
averaged by zones opaque heavy
Major cooling zonation minerals in
Horn- Clino- sampler, in
Biotite Sphene blende pyroxene  Allanite Zircon Apatite volume percent
appror)
Biotite-bearing flow:
Upper vitrophyre. _____________________________ 51.2 28. 2 2.8 0. 15 2.6 1.3 1.3 0. 45
Crystalline zone_ . _____________________________ 43.5 33.5 .5 0 8.0 12.0 2.5 . 84
Basal vitrophyre_______________________________ 56. 5 35.7 2.5 17 2.3 1.5 1.4 . 53
Hornblende-bearing flow:
Upper vitrophyre_ _____________________________ 2.2 36. 2 58. 4 0 .8 1.8 .4 .10
Crystalline zone_ . _________________.____________ No samples
Basal vitrophyre. ______________________________ 3.1 24. 1 59. 7 0 .8 1.1 1.2 .27
Pyroxene-bearing flow:
Upper vitrophyre______________________________ 64. 9 20. 0 0 7.9 3.8 2.8 . 54 . a7
Crystalline zone_ _ _____________________________ 51.2 30.7 0 6.5 4.5 6.6 .4 .67
Basal vitrophyre________________ . _________ 58.0 25. 4 0 13.4 1.6 1.6 0 . 16
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The nonopaque heavy-mineral suite, consisting largely
of biotite and allanite, is diagnostic, however.

The rhyolitic lavas of Scrugham Peak quadrangle
were extruded later than the rhyolites of Area 20, from
vents at or very close to the area of outcrop on the
south face of Pahute Mesa. The lavas probably flowed
northward from a ring-fracture zone of the Timber
Mountain caldera complex. They can be distinguished
petrographically by a nonopaque heavy-mineral suite
consisting of biotite, sphene, hornblende, and (or)
clinopyroxene.

Investigation of the chemistry, thin-section petrog-
raphy, and nonopaque heavy-mineral analyses indicated
that the lavas could be distinguished most expeditiously
by the latter two methods. Moreover, certain lithologic
zones, namely the basal vitrophyres, contained the
best preserved and most consistent mineral assemblages
for correlation and distinction of each group. Distine-
tion of the three groups of lavas aided in subsurface
correlation of Pahute Mesa drill holes and helped in
piecing together the geologic history of the area.
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DISTRIBUTION OF NONOPAQUE HEAVY MINERALS IN MIOCENE
AND PLIOCENE ROCKS OF CENTRAL WYOMING AND
PARTS OF ADJACENT STATES

By N. M. DENSON, Denver, Colo.

Abstract.—Miocene and Pliocene rocks in central Wyoming
and the northern High Plains of western Nebraska and north-
eastern Colorado contain two distinet assemblages of nonopaque
heavy minerals. A plutonic assemblage is characterized by
blue-green hornblende, garnet, epidote, zircon, tourmaline,
actinolite, sphene, and gray-green biotite; it generally constitutes
more than 46 percent of the nonopaque heavy minerals in upper
Miocene and Pliocene rocks (Ogallala and South Pass Forma-
tions), and Miocene North Park Formation. A volcanic assem-
blage is characterized by green-brown hornblende and oxy-
hornblende, augite, hypersthene, and red-brown Dbiotite; it
generally constitutes 70-90 percent of the nonopaque heavy
minerals in lower Miocene rocks (Arikaree Formation). These
heavy-mineral assemblages reliably reflect Cenozoic volcanism
and tectonism and are distinct enough to correlate the forma-
tions in one area with those in another.

Throughout central Wyoming and adjacent areas
Miocene and Pliocene rocks comprise two readily
recognizable lithogenetic units that have been mapped
discontinuously eastward from South Pass at the
southeast end of the Wind River Range through the
Granite Mountains and Shirley Basin-Bates Hole
areas of central Wyoming, along the north and east
flanks of the Laramie Mountains of central Wyoming,
and into western Nebraska and northeastern Colorado.
These rocks have a maximum thickness of about
2,800 feet. The lower unit (Arikaree Formation and
equivalents) is chiefly very fine grained tuffaceous
sandstone overlain by an upper unit (Ogallala Forma-
tion and equivalents) of medium- to coarse-grained
sandstone and conglomerate. Beds of volcanic ash
and limestone occur throughout the sequence. The
Miocene rocks in most areas overlie rocks of Oligocene
age with only slight disconformity, but in a few areas
they unconformably overlie the truncated edges of
rocks ranging in age from Eocene to Precambrian.
In some areas the Miocene and Pliocene rocks have
been tilted and faulted along high-angle faults with
stratigraphic displacements of at least 2,000 feet.

In general, however, the Miocene and Pliocene rocks
away from the major mountain uplifts dip very gently,
the low dips probably representing original surfaces
of deposition.

The courses of most of the present-day major
streams that drain the intermontane basins of central
Wyoming and the High Plains were established by
streams flowing on a surface of late Miocene (and
Pliocene) age. Present-day erosion is largely exhuming
an ancient antecedent drainage pattern develop=d
prior to Miocene deposition.

During the course of mapping middle and upper
Tertiary formations from western Nebraska and north-
eastern Colorado into central Wyoming, 550 repre-
sentative samples of Miocene and Pliocene rocks from
54 measured sections were collected for heavy-mineral
analysis. A study of the nonopaque mineral grains
from the very fine grained sand fractions of these
samples revealed that differences in the nonopaque
heavy-mineral assemblages are useful in correlating
Miocene and Pliocene rocks in adjacent areas and that
the nonopaque heavy minerals reliably reflect Cenozoic
volcanism and tectonism.

Only the nonopaque heavy minerals in the very
fine sand-size fraction (0.062-0.125 mm) were studied.
Comparisons between the various groups of samples
are, therefore, for heavy minerals from the same size
range. The mineral ratios of the nonopaque assemblages
were established by counting 100 grains or more per
sample after most of the magnetite, ilmenite, ferru-
ginous and clay aggregates, leucoxene, and pyrite had
been removed. Sample preparation, techniques of
study, and interpretations placed on the heavy-mineral
analyses are described by Sato and Denson (1967)
and hence are not described here.

Samples of vitric tuff and volcanic ash of Miocene
and Pliocene age from the northern High Plains and
the intermontane basins of central Wyoming were also
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F1eure 1.—Index map showing locations of stratigraphic sections where samples of Miocene and Pliocene rocks were collected
for heavy-mineral analysis. Dashed line indicates Pliocene and upper Miocene rocks; solid line, lower Miocene rocks. (See

table 1 for names and precise locations of sections.)

studied to help in establishing which heavy-mineral
assemblages are largely of volcanic origin. Samples
from terraces deposited by streams draining only Pre-
cambrian igneous and metamorphic terranes in the
Front Range of Colorado, the Medicine Bow, Laramie,
Wind River, and Granite Mountains in Wyoming, and
the Black Hills of South Dakota were studied to
establish which heavy-mineral assemblages were de-
rived largely from the cores of the major mountain
ranges.

The present study of the heavy-mineral assemblages
from the Miocene and Pliocene stratigraphic sequence
reveals that most of the lower half of the sequence is
of volcanic derivation, whereas most of the upper
half is locally derived clastic material.

Acknowledgments.—The author is indebted to Robert
F. Gantnier, Philip G. Hanna, Thomas D. Hessin, and
David E. Schieck for making size analyses and pre-
paring more than 550 slides of heavy minerals from
Miocene and Pliocene sedimentary rocks and 45 slides
from samples of terrace deposits taken along present-
day streams that drain only Precambrian metamorphic
and igneous terranes in Colorado, Wyoming, and South
Dakota. Laura W. McGrew supplied information on
the Wheatland area and loaned rock samples from
several wells. Peter M. Banks assisted with the field
mapping and helped collect representative samples
from measured stratigraphic sections. Mineral counts
on all samples were made by W. A. Chisholm and
Yoshiaki Sato. The interpretation and organization

of the field and laboratory data were the responsibility
of the author.

SELECTION OF REPRESENTATIVE DATA

Sixteen stratigraphic sections were selected to por-
tray the most significant lithologic and mineralogic
variations of Miocene and Pliocene rocks within an
area about 400 miles long and 200 miles vide and to
illustrate clearly the twofold lithic subdivision of these
rocks. The locations of the sections selected are given
in figure 1 and table 1. Heavy-mineral analyses of the
178 samples from these sections are shown graphically
on figure 3.

The following publications describe the diagnostic
faunas of the Miocene and Pliocene sequence from
which most of the samples were collected: Black
(1961), Cook and Cook (1933), Elias (1942), Galbreath
(1953), L. W. McGrew (1963), P. O. McGrew (1951),
Lugn (1939), Moore (1959), Rachou (1951), Rich
(1962), Schultz and Falkenbach (1949), Schultz and
Stout (1955), Stecher, Schultz, and Tanner (1962),
Van Houten (1964), Voorhies (1965), Wilson (1960),
and Wood, Chaney, Clark, Colbert, Jepsen, Reeside,
and Stock (1941).

STRATIGRAPHIC AND AGE RELATIOMSHIPS

In general, after Darton’s (1898) pioneering strati-
graphic work, Miocene stratigraphy in the region
covered by this report was interpreted locally and the
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TaBLE 1.—Locations of stratigraphic sections from which samples were collected from Miocene and Pliocene rocks for heavy-mineral analysis

Strati- Locality
graphic
section Name of section Township Range
(fig. 1) County Section (north) (west)
UPPER MIOCENE AND PLIOCENE
‘Wyoming
) South Pass (Wind River Range) - . ___.________ Fremont. o _. 28, 29 99, 100
2 - Buzzard Ranch (Granite Mountains)—.._.________ Carbon..._______...__. 11, 16
B e Bates Hole and vicinity .. - __ . __________._ Natrona_ . __ o ___. 31 78
4. Saratoga Valley. . _____ _____ . ______ Carbon_________________ 11, 13 18 84
s Wheatland (southeast Wyoming).. _.____________ Platte_ - .- 13, 24 23 68
Colorado
6 . Kennesaw Point (northeast Colorado).___________ Logan__________________ 27 12 55
Nebraska
S Sheep Creek (Nebraska panhandle)______________ Sioux_ o _____ 29, 32 26 55
. S Valentine (northwest Nebraska).________________ Cherry- oo 10, 22 34 27
LOWER MIOCENE
‘Wyoming
| Continental Peak (Wind River Range).__________ Fremont__ . ____________ 24 27 100
2 . Beulah Lake (Granite Mountains)___ ____________ Natrona_ . ____________ 32 31 86
R, Twin Buttes_ - __ ____ e doo o __ 7 29 79
S Pick Ranch...____________ __ __ o ______ Carbon__ . ________ 9,17 18 84
L Cheyenne (southeast Wyoming) 1___ . .. ________ Laramie_ . ______ 3 16 65
Colorado
6 Martin Canyon (northeast Colorado).____________ Logan___.______________ 27 11 53
Nebraska
0 e Marsland (Nebraska panhandle) - ______________ Box Butte-_ . _____._____ 8, 17,20 28 51
South Dakota
8 . Big Badlands (south-central South Dakota).._____ Shannon_ ______________ 20 39 43

1 Drill cuttings.

interpretation was based largely on paleontology.
Little emphasis was placed on persistent lithologic
characteristics from basin to basin. Rocks in many
areas did not yield diagnostic fossils, and a systematic
petrographic study was not coordinated with regional
mapping. It is not surprising, therefore, that correla-
tions and age assignments are in dispute.
Heavy-mineral, faunal, and field relations indicate
to the author that the Miocene (and Pliocene) of
central Wyoming and adjacent areas can be divided
into two units. The lower unit referred to the Arikaree
Formation and equivalents by Sato and Denson (1967,
p. C42, fig. 4) is predominantly windblown buff and
tan fine- to medium-grained generally poorly bedded
tuffaceous sandstone that contains abundant tiny
rounded grains of bluish-gray magnetite. Lateral
337-735 0—69——3

persistence in lithology and the general absence of
coarse detritus and locally derived debris from the
adjacent highlands are outstanding characteristics of
rocks assigned to the lower unit. The upper unit referrod
to as the Ogallala Formation and equivalents by Sato
and Denson (1967, p. C42, fig. 4) is mostly sandstone,
algallike limestone, siltstone, and claystone which
grade mountainward into fanlike deposits of coarre-
grained sandstone, conglomerate, and gravel. The
basal contact of the upper unit becomes a pronounced
unconformity near the mountains, but near some of
the basin centers in central Wyoming it appears
conformable.

Miocene and Pliocene rocks were correlated from the
southeast end ot the Wind River Range of western
Wyoming eastward to the Big Badlands-Valentine
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area of south-central South Dakota and northwestern
Nebraska, a distance of about 400 miles. The major
rock units (formations) have been mapped over wide
areas and thus are known to have lithologic continuity.
Some of the stratigraphic units are useful cartographic
units in some areas, but areal mapping and heavy-
mineral studies clearly indicate that they do not have
regional lithologic significance. They are differentiated
largely on faunal rather than lithologic criteria. Litho-
logic samples collected from the Marsland Formation
(top of lower Miocene), for example, cannot be dis-
tinquished on the basis of nonopaque heavy-mineral
assemblages from samples collected from the Harrison
Sandstone, which is in the middle part of lower Miocene,
or from the Monroe Creek and Gering Sandstones,
which are in the lower part of lower Miocene. Yet,
slight color differences and the presence in some areas
of an unconformity at the base of the Marsland make
it possible to differentiate the Marsland locally from
the underlying rocks of Arikaree age. Similarly, litho-
logic samples from the Miocene Runningwater For-
mation of Cook (1965) and Sheep Creek Formation and
the Pliocene Valentine Formation of Schultz and Stout
(1961) cannot be distinguished from one another on
the basis of nonopaque heavy-mineral assemblages.
Locally, however, slight color differences and bedding
characteristics permit these units to be recognized
individually and mapped separately.

The Trail Creek, Box Butte, and Sand Canyon local
faunas and the Spoon Butte Beds of Peterson (1909)
refer to specific local areas where the vertebrate faunas
from Miocene and Pliocene strata may be quite distinct
and distinguishable from one another. Because the rocks
containing the faunas cannot be separated from one
another on the basis of lithologic criteria, these terms
are principally biostratigraphic or faunal designations
useful only in establishing the chronology of the rocks
containing the faunas.

The position of the Miocene-Pliocene boundary in the
northern High Plains of western Nebraska and south-
eastern Wyoming has long been debated. As of this date
no agreement among vertebrate paleontologists has
been reached. Some vertebrate paleontologists (for ex-
ample, Wood and others, 1941, p. 27) consider the oldest
of several local faunas of the Ogallala to be of latest
Miocene age, whereas others (for example, Schultz and
Falkenbach, 1949, p. 80, 83) believe that all the Ogal-
lala is Pliocene. Lewis (1964, p. D22) has also outlined
these differences in correlation.

Regardless of the position of the Miocene-Pliocene
boundary in the stratigraphic sequence, it is significant
that the rocks unconformably overlying the Arikaree
comprise a single lithogenetic unit whose members can
be differentiated chiefly on the basis of vertebrate
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faunas. Within this widespread deposit of locally de-
rived detritus there are undoubtedly numerous dia-
stems, local unconformities, and a wide wvariation in
lithologies both laterally and vertically. Such varia-
tions, however, have little regional importance and can
be used only locally in conjunction with vertebrate evi-
dence to differentiate the various members. The Mio-
cene-Pliocene faunal boundary, therefore, prob=bly has
little bearing on the depositional history of the upper
Cenozoic rocks in central Wyoming, western Nebraska,
and northern Colorado.

Recent isotope age determinations and their bearing
on the Miocene-Pliocene boundary in Europe (Funnell,
1964) may cause a reevaluation of the tempcral divi-
sions of the Miocene and Pliocene rocks and their as-
sociated faunas in America. For example, the 12- to 13-
million-year age for this boundary in America as dated
by Evernden, Curtis, Obradovich, and Kistler (1961, p.
85) and by Kulp (1961, p. 1109, 1111) is not in agree-
ment with the 7-million-year age for the Mioc=ne-Plio-
cene boundary on Elba Island, Italy. If the younger age
for this boundary is used in America perhaps rocks much
higher stratigraphically than the Valentine Formation
and its lateral equivalents may be of late Mio<ene age.

PHYSICAL CHARACTERISTICS

The lower Miocene rocks are mostly well-sorted
moderately calcareous tuffaceous sandstone containing
a relatively large percentage of very fine grained heavy
minerals, whereas the upper Miocene (and Pliocene)
rocks in marked contrast show a significantly larger
average grain-size distribution accompanied by notice-
ably less uniform distribution of the sand-size fractions.
As shown graphically in figure 3, these poor'y sorted
upper Miocene (and Pliocene) rocks are moderately
calcareous but contain relatively small percentages of
very fine grained heavy minerals.

In central Wyoming the Ogallala and its equivalents
can be readily distinguished in hand specimen from the
underlying Arikaree by the ubiquitous occurrence of
needlelike glass shards in calcareous, sandy, or siliceous
beds. In southeastern Wyoming, northeastern Colorado,
or western Nebraska, however, the Ogallala and equiva-
lents can be differentiated in the field from the Arikaree
and equivalents only by their very irregular bedding,
very poor sizing, and general lack of needle-shaped
crystals of hornblende and augite.

HEAVY MINERALS

The sedimentary rocks described and designated as
of Arikaree and Ogallala age in this report contain two
distinct assemblages of nonopaque heavy minerals: (1)
plutonic minerals—those derived largely from the
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weathering of Precambrian metamorphic and plutonic
rocks and their sedimentary cover, and (2) volcanic
minerals—those that are largely the products of explo-
sive volcanic eruptions. The plutonic minerals are gen-
erally rounded to subrounded because they were trans-
ported by water, whereas the volcanic minerals are
generally angular to subangular because they were
distributed largely through the atmosphere.

An average of the nonopaque heavy-mineral assem-
blages from 46 samples collected from terrace deposits of
streams draining only Precambrian terrane in six of the
major mountain uplifts of northern Colorado, Wyo-
ming, and South Dakota clearly shows that the plutonic
assemblage is characterized by the abundance of blue-
green hornblende, garnet, epidote, zircon, tourmaline,
actinolite, sphene, and biotite (gray-green). (See fig.
2A; abbreviations used in illustration are explained in
table 2.) Similarly, an average of 22 samples of vitric
tuff and volcanic ash from the Miocene and Pliocene
rocks of the middle Rocky Mountains and High Plains
areas indicates that the volcanic assemblage is charac-
terized by green-brown hornblende and oxyhornblende
(red), augite, hypersthene, and red-brown biotite. (See
fig. 2B.)

TABLE 2.—Abbreviations used in figures 2 and 3

MINERALS
Actinolite_ __________ Act Pyroxene_._._______.___ Pyr
Amphibole_ . ________ Amp Hypersthene.____ Hyp
Hornblende..____ Hbl Sillimanite_ - ________ Sil
Apatite_ . ___________ Apa Sphene______________ Sph
Biotite._____________ Bio Staurolite_ _ _________ Sta
Chlorite________._____ Chl Tourmaline___._______ Tou
Epidote_____________ Epi Zircon____.._____.____ Zir
Garnet____._________ Gar Zoisite_____________._ Zoi
Kyanite..______.____ Kya
COLORS
Blue.__ . ___________ Bl Green____ ________.__ Gr
Brown._____________ Br Red. . ___ . ________ Rd

A small proportion of some minerals, such as sphene
and zircon, which are interpreted in figure 3 as plutonic,
may be of voleanic origin. Conversely, a small propor-
tion of the green-brown hornblende and augite inter-
preted in figure 3 as volcanic may be plutonic. However,
the percentages are too small, as indicated in figures
24 and 2B, to affect the interpretations placed upon the
ratio of volcanic minerals to plutonic minerals in any
particular sample group. A closer assessment of the
small proportions of these minerals seems, to the author,
neither practical nor possible.

Figure 3 shows graphically the abundance of the
volcanic assemblage—green-brown hornblende and py-
roxene (augite and hypersthene) in the very fine grained
sandstone which makes up most of the lower Miocene
Arikaree Formation. This abundance is in marked
contrast to the relatively low percentages of these
minerals in the overlying rocks assigned on lithologic
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A (46)

B 22)

FicURE 2.—Average percentages of nonopaque
heavy minerals in the very fine sand frac-
tions. White, mostly plutonic and metamor-
phic minerals; stippled, mostly voleanic
minerals; black, augite. Numbers in paren-
theses are number of samples studied. Ab-
breviations are explained in table 2. A4,
samples from deposits of streams draining
Precambrian igneous and metamorphic
rocks in selected areas in Colorado, Wyo-
ming, and South Dakota. B, samples of vitric
tuff and voleaniec ash from Miocene and
Pliocene rocks in the intermontane basins of
i’(alnpral Wyoming and the northern High

ains.

and faunal evidence to the upper Miocene and Pliocene
Ogallala and South Pass Formations and Miocene North
Park Formation. A striking similarity exists between
the relative proportions of the nonopaque hesvy
minerals in the lower Miocene sedimentary rocks of
the Arikaree Formation and those in the vitric tuff
and volcanic ash (fig. 2B), further suggesting their
voleante affinities.

In contrast, the nonopaque heavy-mineral assemblage
in the upper Miocene and Pliocene rocks is chiefly
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FicuRE 3.—Average percentages of very fine grained nonopaque heavy minerals (upper circle of each pair), grair-size
analyses (lower circle of each pair), and carbonate content for grab samples of lower Miocene (Arikaree, Gering,
Monroe Creek, Harrison, and Marsland Formations and equivalents) and upper Miocene and Pliocene rocks (Ogallala

and South Pass Formations and equivalents) from central Wyoming and the northern High Plains. White,
plutonic and metamorphic minerals; stippled, mostly volcanic minerals;

mostly
black, augite. Total of very fine grained non-

opaque minerals equals 100 percent. Numbers within circles and at top of bar scales (carbonate at left of circles, I eavy
minerals at right) are percentages; numbers in parentheses are number of samples studied. Asterisk (*) indi~ates

carbonate analyses not made.

blue-green hornblende, garnet, and epidote. These
minerals are largely the product of weathering of the
Precambrian highlands and reflect tectonism and uplift.
The very low percentage of plutonic minerals in the
Arikaree Formation may indicate that by the end of
Oligocene time most of the mountains were blanketed
by lower and middle Tertiary sediments or reduced to
low relief. Thus the cores of the mountains could not
contribute significantly to the lower Miocene deposits.

CONCLUSIONS

The Miocene and Pliocene rocks of central V'yoming
and parts of adjacent States can be divided on the
basis of lithology and faunal data into (a) a lower
highly tuffaceous unit (Arikaree Formation and its
equivalents), which contains a diagnostic assemblage
of nonopaque heavy minerals of volcanic orizin, and
(b) an upper locally derived detrital unit (Ogallala
Formation and its equivalents), whose volcanic con-
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FIGURE 3.

stituents are minor and probably have been derived
for the most part from the reworking of older Tertiary
rocks. The rocks of the lower unit are well sorted and
contain a relatively large percentage of very fine
grained heavy minerals, whereas the rocks of the
upper unit show a significantly larger grain-size distri-
bution, contain a relatively small percentage of very
fine grained heavy minerals, and have a much less
uniform distribution of grain size within the sand-size
fractions.

The term ‘‘middle Miocene’’ or Hemingford Group
of Lugn (1938) has no rock-stratigraphic meaning in
the twofold lithic subdivision of Miocene rocks em-
phasized by this study. Similarly, faunas designated

only as Hemingford or of Hemingfordian provincial
age of Wood, Chaney, Clark, Colbert, Jepsen, Reeside,
and Stock (1941) cannot be fixed with respect to the
unconformity between Ogallala and Arikaree Forma-
tions or their equivalents, because the rocks containing
the Sheep Creek fauna are lithologically allied to the
Ogallala, whereas those containing the Marsland fauna
are lithologically allied to the Arikaree.

The lack of a significant lithologic break within
the Ogallala in the northern High Plains makes it
uncertain where to place the series boundary in the
stratigraphic sequence described in this report. lrre-
spective of the position of this boundary, the rocks
overlying the Arikaree constitute a single lithogenetic
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unit. The boundary, therefore, seems to have little
bearing on the depositional history of the Cenozoic
rocks herein described.

A westerly source for the volcanic heavy minerals
making up the Arikaree Formation is suggested by
the noticeably higher percentages of volcanic minerals
in nonopaque heavy-mineral concentrates from samples
from the western part of the region as compared with
percentages of volcanic minerals in concentrates from
samples from the eastern part. This conclusion is also
corroborated, as shown in figure 3, by a corresponding,
but erratic, increase in the average size of the mineral
grains in the samples collected in the west as compared
with those collected in the east.

Tectonism and uplift of regional significance during
late Miocene are suggested by marked increases in
the percentages of nonopaque heavy minerals of
plutonic and metamorphic derivation accompanied by
a noticeably less uniform distribution of the sand-size
fractions. The greater frequency of conglomerate and
coarse-grained sandstone throughout the Ogallala and
equivalents confirms this interpretation.

Nonopaque heavy minerals in the sedimentary
rocks of Miocene and Pliocene age in central Wyoming
and adjacent States reliably reflect volcanism and tec-
tonism and are distinctive enough to be used in corre-
lating a formation in one area with a formation in
another.
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PRELIMINARY REPORT ON ELECTRON MICROSCOPIC
EXAMINATION OF SURFACE TEXTURES OF
QUARTZ SAND GRAINS FROM THE BERING SHELF

By MILES L. SILBERMAN, Menlo Park, Calit.

Abstract.—The surface textures of quartz sand grains from a
dredge haul taken from a submerged ridge, 40 km north of
St. Lawrence Island in the Bering Sea, were examined at magnifica-
tions of X 4,000 to X 13,000 using the electron microscope. The
surface patterns, although etched by chemical solution, indicate
that the deposit is of glacial origin and may have been modified
by some marine reworking. This confirms the nature of the
deposit inferred from other geologic features.

Examination by Krinsley and Takahashi (1962a, b, ¢)
of the surface textures of quartz sand grains from
South Africa, Australia, England, Long Island, and
North Africa, at magnification of X 2,000 to X 20,000,
using the electron microscope, has shown that the
textures of grains collected from different modern sedi-
mentary environments are distinct and characteristic.
Thus, it is possible to distinguish a characteristic tex-
ture for aeolian, littoral, and glacial sand grains.
Krinsley and others (1964) showed that when sand is
eroded from a deposit formed in one environment and
subjected to the conditions of a new environment, the
texture characteristic of the new environment is pro-
gressively superimposed upon, and finally replaces, that
characteristic of the old environment. However, the
old texture or textures can be recognized as relicts for
a considerable distance of transportation, even in a
high-energy environment.

Hamilton and Krinsley (1967) showed that, under
certain circumstances, relict textures can be retained
for long periods of geologic time; for example, they
found glacial textures in South African and Australian
Permian tillites.

Acknowledgments.—I wish to express my appreciation
to Michael Carr, U.S. Geological Survey, for instruc-
tion in the use of the microscrope and aid in taking
many of the photographs.

THEORY

The surface textures of the sand grains are related to
the physical and chemical properties in the environment
of deposition. During transportation and depositicn,
physical factors are dominant; however, in the post-
depositional environment, chemical factors may becore
dominant and result in removal of the texture by
solution or by deposition. Although no rigorous theory
has been worked out to explain the textures, physical
factors, such as fluid medium viscosity and velocity and
relative size and velocity of impacting particles, must
be important. The features on the surface of quartz
sand from glacial, aeolian, and littoral environmerts
have been duplicated experimentally.

PRESENT APPLICATION

Although subaerial sediments of several types have
been studied, little attention has been given, up to the
present, to the surface of sediments submerged beneath
the sea. As part of the U.S. Geological Survey’s Heavy
Metals program, studies have been recently initiated to
assess the mineral-resource potential of the continental
shelves of the United States. Detrital deposits of heavy
metals are likely to be associated with relict sedimer ts
on the sea bottom, and, consequently, new criteria sre
needed to assist in the recognition of relict sedimerts
such as beach deposits, alluvium, and glacial drft
based on material recovered in bottom samples. T™e
results reported here are part of a pilot study made to
establish the usefulness of electron microscopic study
of surface textures of sand grains recovered in bottcm
samples.

The material studied was recovered during the joint
U.S. Geological Survey-University of Washington
cruise of the RV Thomas G. Thompson to the Bering Sea
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in 1967. The specimen is part of a chain-dredge haul
recovered at lat 64°55.5" N., long 171°39’ W., about 40
km north of Gambell at the northwestern tip of St.
Lawrence Island and about 25 km east of Cape Chaplin,
Siberia (fig. 1). The dredge haul sampled coarse bottom
sediments on a low knoll believed to be the crest of a
glacial moraine of pre-Wisconsin age (Creager and
McManus, 3967, p. 27) ; the water depth is 46.6 meters.

Several kilograms of pebbles, cobbles, and boulders
were recovered. The rock fragments are rough and ir-
regular in shape, and many are faceted. One argillite
pebble appears to bear glacial striae, according to D. M.
Hopkins, U.S. Geological Survey (deck notes, July 29,
1967). Most of the fine material was washed through the
apertures in the chain dredge, but some coarse, poorly
sorted sand was recovered, and some silt and clay ad-
hered to the surfaces of the pebbles. High-resolution
seismic profile lines studied by Hopkins and Muriel
Grim (University of Washington) show a subsurface
reflector of rugged microrelief reaching the surface at
the sample station. Although the shapes of the pebbles
and the seismic profiling records point strongly to the

possibility that glacial drift is present at the se~ bottom
at the sample station, evidence of a more definitive
nature was needed. Consequently, I undertoo} a study
of the surface textures of quartz sand grains from this
dredge haul in order to determine the feasibility of elec-
tron microscopy for resolution of the problem.

TEXTURES CHARACTERISTIC OF GLACIAL DFPOSITS

The following textures are found on the surface of
quartz sand grains from glacial deposits, as summarized
by Hamilton and Krinsley (1967) and Krinsley and
Funnell (1965):

1. Very high surface relief compared witl that of
grains from other environments. Where the texture has
a worn appearance, fluvial action is probable.

2. Large-scale (15-40 microns) arc-shaped or conchoi-
dal breakage patterns, possibly caused by grinding
together of particles of different size.

3. Semiparallel striations, or step patterns, possibly
caused by dragging of sharp edges of one surface along
another, or by shearing action.
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waves and bottom currents on several occasions, and
they have been exposed to submarine weathering as
well. On the basis of my very limited sampling and
analysis of the surface textures of a few grains from
dredge haul 73, it can be stated with assurance that
there is a component of glacial origin in the material re-
covered in dredge haul 73. The presence of a few small
V patterns may record some marine reworking of the
sample, and more of these features may have been re-
moved by solution. The extensive solution etching in
itself suggests, as I have indicated, that the deposits are
of pre-Wisconsin age. Thus, the history suggested for
the sediments at station 43 in the northern Bering Sea
based on study of surface textures is consistent with,
and supports, the geologic history inferred by Creager
and McManus (1967).

It would be desirable to examine more samples from
this area, and from other areas in the Bering Shelf, as
the technique appears to be useful in working out the
environmental history of sediments now largely inacces-
sible by direct observational means.
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DISTRIBUTION OF LANTHANIDES IN MINERALS

By JOHN W. ADAMS, Denver, Colo.

Abstract.—Fractionation of the lanthanide group of elements
by natural processes is well demonstrated in rare-earth-bearing
minerals, where variation in the relative abundance of these
elements is found not only between individual species, but
also in the same species in different deposits. Several mecha-
nisms, such as ionic-radii differences, basicity, and accom-
modation in erystal lattices, may contribute to fractionation.

The increased interest in the geochemistry of the
rare earths and improvements in analytical methods
in recent years have resulted in many additional data
on the distribution of these elements in terrestrial
materials and meteorites. Among terrestrial materials,
minerals have received much attention, and well over
a thousand analyses may be found in the literature,
largely Russian, in which all detectable lanthanide
elements are reported, not only for strictly rare-earth
minerals, but also for many species in which the rare
earths are only vicarious constituents. The present
paper has been modified from a talk given at the
Seventh Rare-Earth Research Conference, Coronado,
Calif., Oct. 28-30, 1968.

The variations in the lanthanide assemblage found
in minerals show that effective fractionation of the
group has taken place through geologic processes, but
before discussing the fractionation it would be well to
consider the basic pattern of distribution for these
elements—the fundamental relationships that existed
prior to fractionation.

PRIMORDIAL LANTHANIDE DISTRIBUTION

Some investigators suggest that the primordial
lanthanide distribution, undisturbed by geologic proc-
esses, is to be found in chondritic meteorites (R. A.
Schmitt, quoted in Haskin and Frey, 1966, p. 301).
The average lanthanide content of 20 meteorites
analyzed by Schmitt (Haskin and Frey, 1966, p. 302)
is shown in figure 1A. This graph and the others that
follow are plotted in the form suggested by Semenov
and Barinskii (1958) in which odd-even pairs of ele-

ments are arranged in order of increasing atomic
number along the abscissa, and abundance in atomic
percent is plotted along the ordinate. The upper
curve connects elements of even atomic number, the
lower, their odd-numbered neighbors.

If the meteorite distribution pattern does r>present
primordial relationships, then fractionation hes taken
place during the development of crustal rocks. Some
basic rocks, such as basalts from the mid-Atlantic
ridge analyzed by Frey and Haskin (1964), skow pat-
terns very close to that of chondritic meteorites,
whereas patterns of acidic rocks, such as granites, differ
appreciably. Which distribution pattern approximates
the average for the earth’s crust, or, more properly, for
the continental crust? One answer appears to be pro-
vided by the rare-earth distribution found in sedi-
mentary rocks, such as shales, which are composed
largely of material derived from the weathering of
various other types of rock, so that in effect they
represent a crude composite sample. Early X-ray
analyses by Minami (1935) and more recent activation
analyses by Haskin and coworkers (Haskin and Gehl,
1962; Haskin and Frey, 1966) have shown that the
relative amounts of the rare earths in sedimentary
rocks vary only slightly, and that their average distri-
bution pattern is probably characteristic of crustal
materials. Thus, as a distribution pattern with which
to compare lanthanide distribution in minerals, the
abundance data of Haskin and Haskin (196°) for a
composite of North American shales (fig. 1B) seem
best suited.

As shown in figure 1B, the pattern for the shales
differs from that of meteorites chiefly in the greater
relative abundance of the light rare earths and the
generally lower relative abundance of the heavy
elements. This difference could have resulted from a
very early fractionation process by which some of the
lanthanides of small ionic radius (that is, the heavier
elements) were entrapped into the structures of ferro-
magnesian minerals that make up much of the deep-
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C, bastnaesite from California; D, xenotime from Nigeria; E, gadolinite from Sweden; and F, eschynite from the
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seated mafic rocks; the lanthanides with larger radii
were excluded from these early-formed minerals and
became constituents of the less mafic and more siliceous
differentiates that characterize the upper parts of the
crust.

Additional fractionation may have taken place during
the evolution of various rock types through changes in

chemistry that accompanied the further differentiation
of the magmas in the upper crust. The effect of host
rock composition has been well demonstrated in recent
work by Lee and Bastron (1967), who, through a study
of allanite and monazite from a series of related granitic
rocks, showed that the rare earths became progressively
enriched in the light elements lanthanum, cerium, and
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praseodymium with increase in the calcium content of
the rocks. Late-stage derivatives of igneous rocks,
such as pegmatites and hydrothermal veins, probably
were enriched in complexing agents that could have
markedly affected the solubility relations of the rare
earths. Thus, in the evolution of the crust, considerable
fractionation may have taken place prior to the crystal-
lization of the various rare-earth minerals; if so, the
rare-earth composition of their particular host melt or
solution may have been the most important factor in
determining what minerals formed and what lanthanide
assemblage resulted.

DISTRIBUTION OF LANTHANIDES IN SELECTED
MINERALS

The rare-earth minerals are customarily divided into
three broad classes on the basis of their rare-earth
assemblage: (1) cerium-selective minerals, or those
containing largely the cerium group, (2) the yttrium-
selective minerals, in which the yttrium group 1is
dominant, and (3) complex minerals, in which both
the cerium and yttrium groups are well represented.
The first class is well exemplified by the distribution
pattern for a bastnaesite (Kruesi and Duker, 1965)

50
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(fig. 10). For the second class, an ytterbium-rich
xenotime (Jefford, 1962) (fig. 1D) is a good example,
and for the third class, a gadolinite (Semenov and
Barinskii, 1958) is commonly used (fig. 1E).

The bastnaesite pattern has a cerium maximum and
a general lanthanide distribution not too dissimilar
from the crustal pattern. Xenotime, on the other hand,
shows marked fractionation, with a maximum for
ytterbium. Between these extremes are minerals whose
analyses show maximum values for the even-atomic-
numbered lanthanides, neodymium, gadolinium, dys-
prosium, erbium, and possibly samarium.

Figure 1F shows one such example, the distribution
of lanthanides in a sample of eschynite from an alkalic
pegmatite in the U.S.S.R. (Semenov and Barinskii,
1958). Eschynite is a multiple oxide of rare earths,
titanium, and niobium, that in most samples shows a
cerium maximum. In this eschynite, however, neo-
dymium is the most abundant even-numbered lantha-
nide, and its odd-numbered neighbor, praseodymium,
shows a parallel relationship on the curve for odd-
numbered elements.

Preferential enrichment in samarium appears to be
very rare, but a possible example is shown in figure 24,
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Figurge 2.—Distribution of lanthanides in A, euxenite(?) from Arizona; B, samarskite from North Carolina; C, xenotime
from the U.S.S.R.; and D, fergusonite from Norway.
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which represents the analysis (Shaw, 1959) of a so-
called euxenite concentrate from Arizona. The mineral
is probably what was later identified by Heinrich
(1960) as yttrotantalite.

Gadolinium maxima are not uncommon. Figure 2B
is a probable samarskite from North Carolina analyzed
by Butler (1958).

Dysprosium enrichment is found in many rare-earth
minerals, notably some xenotimes and minerals of the
multiple-oxide type. The example shown (fig. 20) is a
xenotime from the U.S.S.R. (Zhirov and others, 1961).

Erbium, like samarium, is found only rarely as the
dominant lanthanide, generally being subordinate to
ytterbium or dysprosium. One of eleven fergusonites
analyzed by Butler and Hall (1960) showed an erbium
maximum (fig. 2D), the others having either ytterbium,
dysprosium, or gadolinium as their most abundant
lanthanide. ’

Minerals of selective yttrium group composition
commonly show a maximum for ytterbium. This is
well illustrated by thortveitite, a scandium-yttrium
silicate from Norway, analyzed by R. G. Havens,
U.S. Geological Survey (fig. 34); its lanthanide distri-
bution is probably as close to the ultimate fractiona-
tion of the group as will be found in minerals.

Lanthanum is predominant in only a few minerals.
One of the most interesting of these minerals is davidite,
a complex uranium-lanthanum-cerium-iron titanate, in
which lanthanum exceeds cerium in nearly all samples,
including those from granitic pegmatites. Other minerals
showing predominance of lanthanum among the lan-
thanides include lamprophyllite, a sodium-strontium-
titanium silicate, and innelite, a sodium-barium-
titanium silicate. In the latter two, the accumulation
of lanthanum is due partly to the environment (alkalic
pegmatites) and partly to the large ionic radius of the
main cation (strontium, barium) which favored sub-
stitution of lanthanum.

FACTORS AFFECTING LANTHANIDE DISTRIBUTION

The causes of different lanthanide distributions in
minerals are controversial. Some researchers, notably
E. I. Semenov (1957; 1958), consider that crystallo-
chemical factors exert the most control on what ions
are admitted to any particular structure, and they
relate the selectivity of lanthanide content to the co-
ordination number of the rare earths for that mineral.
Minerals in which the rare earths have high coordination
numbers (10, 11, or 12) are, expectably, selective
cerium-group species; those with low coordination, such
as 6, have a selective yttrium-group assemblage, and
intermediate coordination values favor a mixed as-
semblage. It is not too clear how the coordination state
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controls selectivity in strictly rare-earth minerals, but a
theory has been proposed by A. P. Khomyakov (1963)
to explain the variations in the rare-earth assemblages
found in isomorphous replacement of calcium, which is
the displaced element in minerals like apatite, fluorite,
and sphene. Khomyakov suggested that changes in the
effective ionic radii with changes in coordination are not
uniform throughout the periodic table, and hence the
change in the radius of calcium is disproportionate to
that of the rare earths. His data indicate that in 6-
coordination, calcium has a radius comparable to those
of yttrium and the heavy rare earths, but in 12-coordina-
tion, it has a radius equal to that of praseodymium and
therefore would be replaced preferentially by the light
rare earths.

The many discrepancies to be found in a strictly
crystallochemical approach are pointed out by Borodin
(1962), who favors control by the relative basicity of
the lanthanides whereby the differences between the
high basicity of yttrium and the first four lanthanides,
lanthanum, cerium, praseodymium and neodymium,
are very much larger than between yttrium and the
remaining lanthanides. The middle six lanthanides,
samarium to holmium, have basicities more comparable
to the last four elements, erbium to lutetium. The
basicity control proposal of Borodin is supported by the
composition characteristics of some minerals such as
bastnaesite, in which the four most basic lanthanides
are dominant to the relative exclusion of the remaining
ten elements of the group, whereas in other minerals
only the last ten elements are commonly well repre-
sented. Normally, yttrium has a low basicity, close to
that of holmium; however, an anomalously high
basicity, comparable to that of the first four lanthanides,
has been reported by Moeller and Kremers (1945, p.
108-109, 150) and is believed to be due to concentration
effects. This behavior, Borodin suggests, may explain
the large amounts of yttrium found in some minerals
that otherwise are dominated by highly basic lan-
thanides of the cerium group.

In a study of Brazilian rare-earth deposits, Murata
and coworkers (Murata and others, 1958) found that
monazite crystallized earlier than xenotime, in reverse
order to the experimentally determined solubility
characteristics of rare-earth phosphates (Carron and
others, 1958). To explain this apparently anomalous
paragenetic sequence, which is common to many other
rare-earth deposits, Murata suggested that the rare
earths were present as complexes, in which case the
more basic cerium group, by reason of its lower sta-
bilities, would be the first to precipitate. This view is
strongly supported by Mineyev (1963), who believes
that the rare earths are transported in the form of com-
plexes with fluoride, carbonate, phosphate, or other
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ligands and that their fractionation has resulted from
the stability differences of the complexes under chang-
ing conditions.

Ionic radius difference is considered by Neumann
and coworkers (Neumann and others, 1966) to be the
major factor in the fractionation of the rare earths.
This is probably the best general conclusion that can
be made at this time, inasmuch as radii differences are
fundamentally involved in basicity and coordination
effects, as well as in isomorphous replacement.

Another mechanism that can contribute to the frac-
tionation of the lanthanides is a change in oxidation
state. The common deficiency of europium in minerals is
attributed to its ready reduction to divalency during
geologic processes; the resulting increase in ionic radius
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